Introduction
Several methods have been used to elucidate the corneal tissue biomechanics. The tensile strip extensiometry, [1] [2] [3] [4] [5] involves applying a tensile force to strips of cornea held between two grips. Corneal biomechanical properties have also been measured by pressurizing the cornea within an artificial anterior chamber that uses internal pressure as the stress and by measuring the strain by means of marks on the cornea (bulge testing method). [6] [7] [8] [9] [10] [11] Biomechanical measurements of excised donor human corneas report a plastic deformation of the cornea in vitro. 5, 12 No attempt has been made until now to plastically deform the human cornea in vivo or to alter the collagen fibers of the stroma for corrective purposes.
Materials and methods
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional review board of the Hospital de la Cruz Roja in Barcelona and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed.
Informed consent was obtained from all individual participants included in the study. Additional informed consent was obtained from all individual participants for whom identifying information is included in this article.
To plastically deform the living cornea we applied a vacuum to the cornea of eight rabbits and five human eyes with a novel device. The number of rabbits was selected based on accepted sample size calculators. The rabbits, three female and five male, were randomly selected from an albino colony. The small sample size was considered sufficient because a substantial effect was expected. The rabbits were 7 to 10 weeks old at the time of treatment. The novel device consists of a chamber of 11 mm in diameter. The chamber is radially divided in four interconnected sub-chambers. One side of the cylindrical chamber is closed, while the other side of the chamber is open, exposing the sub-chamber openings, Figure 1 . When the open side is placed in contact with the cornea, the cornea closes and seals the sub-chamber openings. A vacuum of up to 760 mm-Hg was then applied to the chamber, exerting a force on the cornea. A vacuum of 760 mm-Hg means that the atmospheric pressure was removed from the front of the cornea, therefore a pressure of 760 mm Hg plus the intraocular pressure pushed the cornea outwards at the location of the chambers.
The rabbits were first treated with the device. The chamber was applied to their right eye and vacuum maintained for 5-10 min. The corneal topography of the eyes was measured pre-treatment and 3 days, three months, and 1 year post-treatment with a Placido based topographer, (Atlas 995; Carl Zeiss Meditec, Dublin, CA, USA). All measurements were blind in that they were made without knowledge of the particular rabbit and its prior readings. Pre-treatment and post-treatment interocular differences in central corneal power were compared using the Student's t-test of paired comparisons. The left, untreated eye was used as a control. The eyes were examined at the time of the topography when basic parameters of the eyes were also measured. After the conclusion of the one year posttreatment, rabbit 8 was also subjected to the same procedure at a pressure of 3 atm for 10 min to acquire further safety information. Rabbit corneas were sent for histological or micro-morphological analysis.
Human subjects were then selected based on the criteria described next. Subjects were 30 to 50 years of age. Their eyes were myopic in a range of 2 to 20 Diopters (D). No ocular disease was present. Only subjects with 1 D or less of astigmatism were included. A total of 5 subjects met the above criteria. Subjective refractions were performed by the same experienced refractionist, who had no knowledge of the study. Automated refractions were also used for objective confirmation of the refractive change. Visual acuity was recorded.
To detect potential safety issues of the procedure, the following exams were performed: Slit lamp exam, recording of Intraocular Pressure (IOP), pupillary reflex, direct and indirect ophthalmoscopy, Optical Coherence Tomography (OCT), and Confocal Laser Scanning Microscopy (CLSM).
We then confirmed, as described in results below, that the application of vacuum was also innocuous on the human eyes by applying vacuum at progressively higher pressures, of up to 760 mm Hg, and for longer durations, up to a five minute period. Thereafter, we applied a vacuum of 760 mm Hg for 5 min to the five left eyes of the volunteers. All treatments were done at a room temperature of 25°C under topical anesthesia. Figure 2 is a photograph of a patient's eye during the procedure.
The refractions, visual acuity tests, and exams except OCT were done pre-treatment and 1 day, 2 months, and 2 years post-treatment. The treatment and examination were completed on each subject's eyes before proceeding to the next subject. Therefore, if an adverse effect was detected, the study could be aborted.
Results
We report the changes in anatomy observed after the treatment. Corneal topography maps showed that the radius of curvature in the center of the cornea (in a zone of 3 mm of diameter) increased after treatment and decreased in the periphery. The corneal central radius of the intact rabbit eye was compared with the radius three days after treatment. The three-day change in the radius Figure 1 The device used to alter the shape of the cornea consists of a vacuum chamber with openings that produce a force when placed on the cornea. (Table 1a ). In Tables 1a-d, radius diameter and refractive power. 13 The rabbits tolerated the treatment well with topical anesthetic eye drops only. No injury was observed to the epithelium or Descemet layers with the slit lamp. The retinas also retained their normal appearance as seen with a direct and indirect ophthalmoscope. Histological analysis of the corneas did not evidence any Descemet tears, break in the collagen fibers, or any remarkable alteration. Supplementary Figure  B is a histological slide of a corneal cross section of rabbit 8. The treated human eyes evidenced no significant corneal epithelium damage, no increase in intraocular pressure, no decrease in corrected visual acuity and normal slit lamp appearance of the cornea and anterior chamber with no increased cell and flare. Ophthalmoscopy did not evidence change or abnormality and pupillary reflex was present. As the vacuum was increased up to 760 mm-Hg, the eyes were examined again. This time we included Optical Coherence There was no significant change in cell density after 2 years. The thickness of the cornea was reduced by an average of 7%. The intraocular pressure pre-treatment and post-treatment was within normal range in all cases and no trend was present.
Discussion
The human and rabbit cornea are visco-elastic materials that continually deform or creep when strained beyond the elastic range. Such a deformation has been observed in strips of human and rabbit cornea in vitro. 12 The rabbit and human cornea have substantial similarities in their elastic-plastic characteristics. 5, 12 Anecdotal evidence such as permanent refractive anomalies after forceps delivery suggested that the human cornea can undergo plastic deformation. 14 Stressing the cornea locally by the application of a vacuum produces a permanent deformation of the collagen fibers of the living cornea. This is the first time that collagen fibers have been permanently altered in vivo in a controlled manner. Numerous models have been developed to account for corneal deformation after refractive procedures, but they do not extend to plastic deformation. 15 The corneal deformation described here changes corneal curvature, and therefore eye refraction. All corneas flattened and myopia was reduced in all human subjects. The extent of flattening of the cornea can be controlled by the shape and number of the device chambers, the level of vacuum, the duration and repetition of the procedure and the temperature, alone or in combination.
The corneal temperature is around 35°C at 25°C room temperature. By adjusting ambient temperature from 40 to 80°C, the corneal temperature will vary from 37 to 42°C. 16, 17 For a given plastic strain of the collagen fibers in the rabbit sclera, the higher the temperature, the greater the strain. 18 The rabbit sclera at 39.5°C permanently strains 1.5% with a stress pressure of only 100 mm Hg. 19 Assuming that the human cornea behaves the same way, elevating the temperature of the cornea could be an easy way to increase and control the flattening effect and the myopia corrected.
The reduction in the thickness of the central cornea was not unexpected. The cornea (as most materials) thins when strained. This effect can be permanent and has been observed even at near physiological intraocular pressures. 20 Stressed human corneas have a Poisson ratio of about 0.5; their thickness reduces by 50% of what they strain. 21 The central cornea strained radially as a result of peripheral vacuum stress in that direction because the central cornea and limbus were opposing that stress. Although it is undesirable that the cornea strains beyond the elastic range in the radial direction, it is unavoidable with a few large sub-chambers, needed for increased stress.
Myopia affects about one quarter of the western adult population, and more than one half of the population in some Asian countries. 22 Myopia appears to be a feedback process amenable to control. 23 Preventive methods are rarely used, and depend on the application of accurate models of myopia. Several surgical methods have been tried to correct myopia, but none is simple, or free of risks. Current surgical methods to correct myopia achieve their goal by invasively modifying the corneal curvature. Methods which are used, have been used or are being developed include: radial keratotomy 24 (radial incisions made in the periphery of the cornea), excimer laser photorefractive keratectomy (PRK) 25, 26 (laser ablation of the anterior surface of the cornea), laser assisted in situ keratomileusis or (LASIK), 27 Small Incision Lenticule Extraction (SMILE), implantation of intra ocular ring or lens 28 and potentially, customized Corneal Collagen crosslinking (CXL). We call this new procedure 'Pneumatic Keratology.' The vacuum force flattens the central part of the cornea by distending the stressed areas where vacuum is applied, in a similar manner as radial keratotomy incisions extend the cornea perpendicularly to the length of the incisions. 24 The duration and pressure applied corrected a fraction of the human subjects' myopia, up to 5 D in one case, and close to 1 diopter (average 0.73 D) in the rabbits. The flattening of rabbits' corneas regressed to half a diopter three months later, and remained stable thereafter. The plastic property of the cornea could be used to correct not only myopia, but hyperopia and other refractive conditions. Our experiments show that the same vacuum force has different effects depending on the degree of the subject's myopia. The implication is that the higher the myopia, the less the ocular rigidity. Researchers have hypothesized that myopes have a weaker sclera prone to elongation. 29 The weakened sclera of the rabbit exhibited a continuous elongation. 19 Although our experiments were done on the cornea, it is known that sclera and cornea are very similar anatomically and mechanically. 21, [29] [30] [31] Our results, therefore, support the view that myopic eyes have weaker corneoscleral envelopes, and that their weakness is proportional to their myopia.
The way we produced a flattening of the cornea by the application of a vacuum force was by using openings elongated in the radial direction. An elongated opening produces a bulging of the cornea when the vacuum is applied, as depicted in Figure 4 . The curvature of the deformed cornea in the elongated direction is necessarily less than in the perpendicular, short direction because αoβ. If the curved sections of the deformed cornea in the elongated and short directions in Figure 4 are approximated by circular segments, it is evident that the short direction strains more than the long direction. If the elongated openings are arranged radially, as with the device described here, the cornea can be made to strain elastically in the radial direction, while plastically in the circumferential direction. The chambers produced a bulging of the cornea not in the center but in the periphery. That is the result intended and achieved here with the device. The foregoing analysis is consistent with the analysis of stress in the spheroidal sclera. Greene reported that stress in the direction of the higher curvature in the equator of the sclera is greater than in the direction with less curvature. 32 Although we preferred elongated openings, other openings also produce a net flattening of the cornea, as we have confirmed experimentally. Treatment of cadaver eyes with different openings and the variations in procedure described above has demonstrated greater flattening of the cornea that corrects up to 8 D of myopia. These experiments will be published in a separate report when completed.
The maximum vacuum that can be applied to the eye is limited by the pressure outside the eye, normally the atmospheric pressure, or about 760 mm-Hg. We have shown that such a pressure is sufficient to plastically deform the human cornea. In vitro data from Hoeltzel et al 5 confirms that the rabbit cornea subjected to an equivalent intraocular pressure of about 760 mm-Hg permanently strains by 6%, while the human cornea subjected to only 400 mm-Hg permanently strains by about 1%. Permanent strain of the human cornea in vitro has been observed even under physiological range stress. 20 
Conclusions
The plastic, and therefore permanent, deformation of the cornea was obtained by straining the cornea with a vacuum force. A vacuum chamber with radial openings flattens the cornea. A flatter cornea corrects or reduces myopia.
The ability to modify collagen tissue in a controlled manner has implications in organs beyond the eye. Tendons, cartilage, heart valves and blood vessels for example, conceivably could be custom modified for corrective purposes.
Summary
What was known before K The eyeball, and in particular the cornea, deforms in vitro by the application of a distending force like other viscoelastic tissue. If the force is large enough, the cornea strains beyond the elastic range, and a permanent deformation occurs. Such permanent strain is referred to as 'plastic' strain. The phenomenon however has never been observed or produced on living tissue. This report seeks to demonstrate that the central radius of a patient's cornea can be altered, in a controlled manner designed to correct refractive errors.
What this study adds K The living cornea has been permanently deformed for the first time with an external force. The method described here can be used to flatten the cornea by non-invasive means. A flatter cornea corrects or reduces myopia.
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